Objective: Recently, a novel missense mutation (R534C) in the S4 region of human ether-a-go-go-related gene (HERG) was identified in one Japanese LQT2 family. The S4 region presumably functions as a voltage sensor. However, it has not yet been addressed whether the S4 region of HERG indeed functions as a voltage sensor, and whether these residues play any role in abnormal channel function in cardiac repolarization. Methods: We characterized the electrophysiological properties of the R534C mutation using the heterologous expression system in Xenopus oocytes. Whole cell currents were recorded in oocytes injected with wild-type cRNA, R534C cRNA, or a combination of both. Results: Clinical features -QTc intervals of all affected patients with R534C mutation in HERG are prolonged ranging from 460 to 680 ms (averaged QTc interval.540 ms). One member of this family had experienced sudden cardiac arrest, and other suffered from recurrent palpitation. Electrophysiology -Oocytes injected with R534C cRNA did express functional channels with altered channel gating. Kinetic analyses revealed that the R534C mutation shifted the voltage-dependence of HERG channel activation to a negative direction, accelerated activation and deactivation time course, and reduced steady-state inactivation. Quantitative analyses revealed that this mutation did not cause apparent dominant-negative suppression. Computer simulation -Incorporating the kinetic alterations of R534C, however, did not reproduce prolonged action potential duration (APD). Conclusions: The data revealed that arginine at position 534 in the S4 region of HERG is indeed involved in voltage-dependence of channel activation as a voltage sensor. Our examination indicated that HERG current suppression in R534C mutation was the least severe among other mutations that have been electrophysiologicaly examined, while affected patients did show significant QT prolongation. This suggest that another unidentified factor(s) that prolong APD might be present.
codes a rapidly activating delayed rectifier potassium 2.1. Clinical diagnostics channel (I ), which possesses unique channel kinetics Kr characterized by activation followed by voltage-dependent Phenotypic determinations were made as described rapid inactivation [11] [12] [13] [14] . The HERG channel has been previously [21] . In detail, a 19-year old male had exfound to be a major determinant of the timing of repolariperienced recurrent palpitation from age 16. He was zation and the duration of action potential in cardiac cells referred to Metropolitan Hiroo Hospital for evaluation of [13, 15] .
the cause of palpitation attacks. On his 12-leads ECG, QTc In LQT2, many mutations at different sites in HERG interval was prolonged to 550 ms. His mother also had have been identified [7, [16] [17] [18] [19] [20] [21] , and the mechanisms of prolonged QTc interval (490 ms), and one of his cousin, depression of HERG channel function in these mutations
showing QTc interval of 680 ms, experienced sudden have been examined [22] [23] [24] [25] . Some mutations lead to cardiac arrest and was resuscitated at age 19. Since his normal biosynthetic processing thereby producing funcfamily was suspected to be affected familial long-QT tional channels with altered gating properties or nonsyndrome, QT intervals on ECG of other members of this functional channels in the plasma membrane [22] [23] [24] [25] .
family were also examined and genetic analysis was done. Most of these mutations suppress HERG channel function Affected individuals were inherited in an autosomal-domiin a dominant-negative manner [22, 23] . Other mutations nant fashion. The QT intervals were measured on ECG in cause defects in the biosynthetic processing of HERG leads II or V5 and corrected for heart rate (QTc) using channels by retaining the protein in the endoplasmic Bazett's formula. reticulum [25] . Thus, HERG channel dysfunction in LQT2 mutations is caused by multiple mechanisms.
Molecular biology
We previously reported that a missense mutation in the outer mouth of channel pore (V630L) shifted the voltage-
The HERG cDNA subcloned into the BamHI-EcoRI site dependence of inactivation to negative potential resulting of a pGH19 vector was a gift from Dr Gail A. Robertson in pronounced inward rectification and depression of (University of Wisconsin). Amino acid substitution of outward current, in addition to decreased conductance [23] .
arginine to cysteine (R534C) at position 534 within the S4 Thus, a slight alteration of HERG channel kinetics can lead transmembrane region in HERG was performed by an to change the amount of repolarizing outward current.
overlap extension PCR strategy [26] . A 610-bp fragment Since there is a possibility that other alterations of HERG of the cDNA of HERG was amplified using oligonucleochannel kinetics could also change the amount of retide primers HGUPP (59-TACCGCACCATTAGpolarizing outward current, further electrophysiological CAAGATT-39) and HG534AS (59-TCCGCGCCACcharacterizations of mutations in the residues that are GCACACCAGCCGCAG-39). Similarly, a 442-bp fragpotentially important for HERG channel kinetics are ment of the cDNA of HERG was amplified using oligonecessary to clarify the mechanisms of altered channel nucleotide primers HG534S (59-CTGCGGCTGGTfunctions in LQT2.
GTGCGTGGCGCGGA-39) and HGLOW (59-GAACT-
534
A novel missense mutation of Arg (arginine at CCCGCACCCGCAGCAT-39). Subsequently, the two position 534) to cysteine (R534C) in the S4 region of PCR products were purified and combined in a second HERG channel was identified in one Japanese LQT2 round of PCR with the primer pair HGUPP and HGLOW. family [21] . By analogy with the structure of other voltage-A 1051-bp PCR product was digested with Eco065 I /BglII dependent channels [11] , the S4 region in the HERG and subcloned back into wild-type (WT) HERG which was channel presumably functions as a voltage sensor. Howdigested with Eco065I /BglII to assemble the R534C ever, it has not been addressed whether basic amino acids construct. The WT HERG and R534C HERG constructs in the S4 region of the HERG channel indeed function as a were confirmed by DNA sequence analyses using an voltage sensor, and whether these residues play any role in automated sequencer, the 373 DNA sequencing system the electrophysiology of cardiac cells. The R534C muta-(Perkin-Elmer, Foster City, CA). WT HERG cDNA and tion found in LQT2 provides an opportunity to address R534C HERG cDNA were linearized by digestion with these unresolved questions.
NotI, and cRNAs were synthesized in vitro using T7 RNA polymerase with the mCAP RNA capping kit (Stratagene).
Oocyte handling and electrophysiology

Methods
Xenopus oocyte preparation and handling were carried The investigation conforms with the Guide for the Care out as described previously [27] . Fig. 2 ), and peak current ng / nl) alone or R534C HERG (0.0375 or 0.15 ng / nl) amplitudes were fitted to a single exponential function on alone, or 40 nl of cRNA in combination with same amount Origin software. of both WT and R534C (0.075 ng / nl) using a 10-ml Steady-state inactivation was analyzed as described Drummond micropipetter modified for microinjection previously [14, 23 ] (see Fig. 4E ). Briefly, the corrected (Drummond Scientific, Broomhall, PA). Injected oocytes steady-state inactivation curves were fitted with a were incubated for 3-6 days at 12-188C in modified Boltzmann function in the following form: Barth's solution (MBS) containing 88 (mmol / l) NaCl, 1 [30] . During this series of (mmol / l) NaCl, 2 KCl, 2.6 MgCl , 0.18 CaCl and 5 2 2 computation, the voltage-dependence of steady-state acti-HEPES (pH 7.6 adjusted with NaOH). Oocytes were vation and inactivation of I was given by a Boltzmann Kr maintained in current-clamp mode for at least 5 min before function as shown above. Slope factors (K) and V were voltage at which I is half of I , and k is slope where V is the membrane potential. Table 1 ). The sum of expressed current recovery from inactivation: amplitudes for WT1.5 plus R534C1.5 was not much different from the expressed current amplitudes for t 5 9.9 3 (0.15
channel function in a dominant-negative manner.
Voltage-dependence of the time constant of inactivation 3.2.2. Voltage-dependence of activation given by this equation was superimposed in Fig. 5 . Fig. 1F shows the normalized activation curves. The voltage to achieve half activation (V ) was 234.160.6 1 / 2 mV (n56) for WT1.5, 243.460.9 mV (n58) for R534C / 3. Results WT, and 250.160.7 mV (n58) for R534C6.0; the slope factor (K) values were 9.060.5 mV (n56), 8.560.4 mV 3.1. Clinical features of patients with R534C mutation (n58), and 6.660.1 mV (n58), respectively ( Table 1 ).
in HERG
The V for R534C6.0 and R534C / WT was shifted 1 / 2 significantly to negative potentials compared with that for The pedigree for HERG R534C mutation in LQT2, WT1.5, and the K for R534C6.0 was reduced significantly including five affected patients in three generation, was compared with that for WT1.5. Thus, the R534C mutation previously reported [21] . QTc intervals of all affected affects the voltage-dependence of HERG channel activapatients in this family were prolonged ranging from 460 to tion. 680 ms (averaged QTc interval.540 ms). One teenage boy Fig. 1E shows the current-voltage (I-V ) relationships suffered from recurrent palpitation. Another girl of this for peak currents recorded during depolarizing pulses. The family had experienced sudden cardiac arrest and was I-V relationships for R534C6.0 and R534C / WT were not resuscitated at age 19. significantly shifted to negative potentials compared with those for WT1.5, despite the strong negative shift of the 3.
Electrophysiological characterization of R534C
voltage-dependence of HERG channel activation for mutation in HERG R534C6.0 and R534C / WT (see Discussion).
Quantitative analyses of expressed currents 3.3.1. Activation time course
We characterized the R534C mutation in HERG using
Since the activation time course cannot be accurately the heterologous expression system in Xenopus oocytes. measured at strong depolarizing potentials by simply fitting Romano-Ward syndrome is an autosomal-dominant form activating currents due to contamination of voltage-depenof LQTS, and in LQT2, one allele contains normal HERG dent rapid inactivation [28] , we evaluated the activation and the other, mutant HERG. Therefore, we injected time course of expressed currents using the envelope of tail cRNAs into Xenopus oocytes in amounts which would protocol (Fig. 2) . Plots of peak amplitude of tail current as render quantitative analysis feasible: 1.5 ng WT cRNA, 1.5 a function of duration of the preceding depolarizing ng R534C cRNA, or 1.5 ng WT cRNA in combination potential could mostly be fitted to a sigmoidal function in with 1.5 ng R534C cRNA [22, 23] . However, the expressed accordance with the model of multiple closed state [28] or currents in oocytes injected with 1.5 ng R534C cRNA single exponential function. For simplicity, we fitted tail (R534C1.5) alone were so small in amplitude compared to currents to a single exponential function and compared the others that we could not perform kinetic analysis. activation time constants. Fig. 2D shows the activation Therefore, we injected 6.0 ng R534C cRNA into Xenopus time constants for the expressed currents at each test oocytes for comparison of kinetics.
potential. The activation time constants for R534C6.0 and Fig. 1A -C display representative traces of expressed R534C / WT at each depolarizing potential were significurrents in oocytes injected with 1.5 ng WT cRNA cantly smaller than those for WT1.5. Thus, the R534C (WT1.5), 6.0 ng R534C cRNA (R534C6.0), and 1.5 ng mutation accelerated the activation time course of the WT cRNA plus 1.5 ng R534C cRNA (R534C / WT). In HERG channel. oocytes injected with R534C alone, accelerated activating currents and tail currents upon repolarization were recorded (Fig. 1B) , suggesting that R534C alone could form 3.4.1. Deactivation time course functional channels.
To analyze accurately the deactivation time course, long Fig. 1D shows the plots of the amplitudes of expressed hyperpolarizing test pulses were applied after a depolariztail currents for WT1.5, R534C1.5 and R534C / WT as a ing conditioning pulse (Fig. 3) . Deactivating currents function of test potentials. The amplitude of the tail during test pulses could be fitted to a double exponential currents measured at 270 mV following depolarizing test function. At all test potentials, the fast and slow time pulses to 120 mV was 15046235 nA (n56) for WT1.5, constants for R534C6.0 and R534C / WT were significantly 10469 nA (n57) for R534C1.5, and 15156204 nA (n5 smaller than those for WT1.5. Thus, the R534C mutation Table 1 ). The inverse slope but, the degree of inward rectification was apparently factors for R534C6.0 and R534C / WT (37.660.5 mV [n5 weaker for R534C6.0 and R534C / WT than for WT1. 5 5], and 36.861.0 mV [n55], respectively) were also (Fig. 4D ). Since these fully-activated I-V curves did not significantly increased compared with that for WT1.5 reflect channel availability accurately due to contamination (28.360.9 mV [n55]) (Table 1) . Thus, at the same of deactivation, we examined steady-state inactivation depolarized potentials, channel availability was augmented using a double pulse protocol as described previously for R534C6.0 and R534C / WT, resulting in reduced inward [14, 23] . We could not exclude, however, a small fraction of rectification. 
Inactivation and recovery from inactivation
In Fig. 6A , gating parameters of HERG /I were
Kr
The inactivation time course of expressed currents was obtained from those in Table 1 . WT is for wild-type, and is analyzed using dual pulse protocol (Fig. 5) [23] . Recovery a control for this computation. Among changes in gating from inactivation was measured using the same pulse parameters, voltage-shift of activation curve had little protocol shown in Fig. 4C . For R534C6.0 and R534C / WT, effects. On the other hand, shift in voltage-dependence of the time constants of inactivation and recovery from steady-state inactivation increased the amplitude of inactivation were not much different from those for WT1. 5 HERG /I and consequently shortened the action potential Kr (Fig. 5) . Thus, the rate of inactivation and recovery from duration (APD) (WT & V ). Then, R534C / WT in Fig. inact.
inactivation of the HERG channel were not affected by the 6A was obtained by additional introduction of changes in R534C mutation.
activation / deactivation kinetics. Reduction of time constants by 20% (see Figs. 2 and 3 ) increased HERG /I Kr 3.5. Computer simulation during the plateau phase of action potential due to accelerated activation. This caused further reduction of APD. Recently, we reported a computer simulation model of We next analyzed the effects due to accelerated deacticardiac action potential incorporating new features of vation of HERG /I in isolation (Fig. 6B) . This is because Kr HERG /I kinetics [30] . We evaluated how the changes in accelerated deactivation appeared the only factor to Kr kinetic behavior obtained here affected the action potential prolong action potentials. Here we changed only deactivaconfiguration using this model. tion kinetics, leaving activation kinetics untouched. We increased [31] . Thus, the Arg in the S4 region of the APD. However, this effect was limited only to final HERG channel appears to be involved in the voltagerepolarization phase and overall effects on action potential dependent activation. Previous systematic mutagenesis of were small. basic amino acids in the S4 region in voltage-gated ion channels suggested that all charged residues in the S4 region do not equally contribute to the gating charge 4. Discussion [31] [32] [33] [34] . For the Shaker B channel, among the charged 365 residues that have been examined in the S4 region, Arg 4.
Activation and deactivation kinetics in the R534C
368 371
(arginine at position 365), Arg, and Arg were thought channel to contribute mainly to the gating charge and to function as the major components of voltage sensor [33] . Since the expressed currents in oocytes injected with homotetramers [24] , of R534C subunits appeared to form channel [11, 28] . Thus, Arg in the HERG channel may functional channels. The expression of a homotetrameric be a major contributor to the voltage sensor. Even though R534C channel made it possible to examine the functional in this mutation one positive charge was decreased from 534 role of Arg in the S4 region for channel function. In the the S4 region, the activation curve was shifted to the mutant channels, the time course of current activation and negative direction and the estimated number of gating deactivation was faster than those in WT channels. The charge was unexpectedly increased. Thus, the role of 534 I-V curve of activation was shifted to the negative Arg as a voltage sensor cannot be explained by a simple direction along the voltage axis, and the number of gating electrostatic interaction with the membrane electrical field. To examine steady-state inactivation, prepulse potentials between 2130 mV and 140 mV in 10-mV increments for 60 ms were applied after a depolarizing pulse to 120 mV for 900 ms, followed by a common test pulse to 120 mV. The voltage protocol is illustrated in the inset. The peak current amplitudes during test pulses were plotted as a function of the previous prepulse potentials (V ). At negative potentials, the currents decline due to significant closing of channels p occurred through deactivation. Thus, this was corrected for by extrapolating the exponential falling phase back to the start of the negative prepulse potentials, and applying the same relative correction to the initial outward current during test pulse. Normalized steady-state inactivation as a function of the prepulse potentials was fitted to a Boltzmann function as described in Methods. The voltage at which the steady-state inactivation was half of the maximum of steady-state inactivation (V ) and the inverse slope factor (K) is shown in the Inactivation time course was examined using voltage pulse protocol illustrated in the inset. A conditioning pulse to 140 mV for 900 ms from a holding potential of 280 mV was followed by a hyperpolarizing pulse to 2100 mV for 15 ms, and subsequent various depolarizing test pulses between 240 and 140 mV in 10-mV increments were applied. Inactivation time constants were measured by fitting inactivating currents during each test potential with a single exponential function. Recovery from inactivation was measured using the same voltage pulse protocol shown in Fig. 4C . Tail currents between 2130 and 250 mV in 10-mV increments could be fitted with a double exponential function and fast component of time constants was defined as a time constant of recovery from inactivation. Since expressed currents at potentials near the reversal potential could not be accurately fitted by exponential function, time constants at 2110 and 2100 mV were omitted. Dotted line indicates the voltage-dependence of the time constant of inactivation used for the computer simulation model (see Methods).
was shifted to positive potential compared to the curve for heterotetrameric channel composed of WT and V630L WT HERG channels. For several voltage-gated ion chanmutant HERG subunits [23] . Thus, our present data could nels, some mutations shifted activation and inactivation be interpreted to indicate that the R534C mutation primaritogether, suggesting the functional coupling of activation ly affects movement of the S4, which in turn influences the and inactivation processes [32] . For the Shaker B channel, voltage-dependent rearrangement of the inactivation gate site-directed mutagenesis of basic amino acids in the S4 consisting, at least in part, of the outer mouth of channel region shifted the inactivation curve by about the same pore. amount toward the same direction as the shift in activation curve [32] . Since the apparent voltage-dependence of 4.3. Mechanisms for inhibition of HERG channel prepulse inactivation in the Shaker B channel is suggested function by the R534C mutation to reflect the underlying voltage-dependence of activation, the mutation of basic amino acids in the S4 region It had been revealed that HERG channel dysfunction in primarily affects the voltage-dependence of activation, and LQT2 mutations is caused by multiple mechanisms includthe shift in inactivation curve is secondary to a shift in the ing abnormal channel processing, the generation of nonactivation curve [32] . This idea does not explain our functional channels, and altered channel gating. Most results, since the R534C mutation of the HERG channel HERG mutations, except for mutations causing abnormal shifted activation and inactivation along the voltage axis in channel processing, suppress HERG channel function in a opposite directions.
dominant-negative manner. HERG channel inactivation is distinct from inactivation The R534C mutation that forms functional channels in the Shaker B channel, because of its voltage-dependence with altered channel gating did not exhibit apparent [28] . Thus, the R534C mutation might affect the activation dominant-negative suppression. This fact led us to wonder and inactivation voltage sensor differently. Voltage-depenwhether kinetic alterations due to the R534C mutation may dence of steady-state inactivation of the HERG channel provide a cellular basis for LQT2. Negative shift of the was shown to be strongly affected by the substitution of activation curve and positive shift of the inactivation curve 631 Ser (serine at position 631), the residue located in the in the presence of the R534C mutation favor the flow of outer mouth of the channel pore, with alanine [35] . We also steady-state current in an outward direction upon depolarreported that the voltage-dependence of steady-state inization (Fig. 1E) , while acceleration of deactivation time activation was shifted to the negative direction in a course can reduce outward current flow upon repolariza- tion. Therefore, the accelerated deactivation could be the QTc prolongation of patients in this family seemed comonly factor to explain the prolongation of APD. However, parable to those of other LQT families [36] . Moreover, one contrary to our expectation, our computer simulation patient had experienced sudden cardiac arrest. Therefore, indicated that kinetic alterations of R534C mutation failed further study is necessary to clarify the mechanism of the to reproduce the prolongation of APD but slightly shor-HERG current suppression in R534C mutation. tened it (Fig. 6) . Several factors can be attributed to the above discrepant results: Difference in experimental condition, such as temperature, could be one of the factors,
